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1.0 Introduction

METCAN (Metal Matrix Composite Analyzer) is a computer program developed at

NASA Lewis Research Center (References 1-3) to simulate the high tempcratﬁrc

“nonlinear behavior of continuous fiber reinforced metal matrix composites. METCAN

incorporates constituent material models along with composite raicromechanical and
macromechanical models to allow a comprehensive point analysis of the composite

thermal and mechanical behavior.

The following sections contain problems demonstrating the various features and capébili-
ties of METCAN. Each demonstration problem is complete and independent of the
other pfoblems. The general format for each problem contains brief descriptions of the
problem. model. loading history. and a complete listing of the corresponding input file.
Section 1.0 will begin with an overview of METCAN, followed by a brief review of the
input file and the micromechanical unit cell model. Section 2.0 will contain static

problems using the linear and discrete loading history options, while section 3.0 will

- feature problems demonstrating the cyclic analysis. Section 4.0 will show a complete

output file, while section 5.0 will list the constituent databank used for thc'problcm‘s in

this manual.

For more detailed discussions regarding the methodologies implemented in METCAN,



the reader is referred to the METCAN User’s Manual (Reference 4) and the upcoming
METCAN Theoretical Manual. The Demonstration Manual is not intended to be a

stand alone manual and should be used in conjunction with the other manuals. Addi-

- tional information regarding METCAN and the efforts to validate and vc'xify'tl.zc code

“can be found in References 5-9.
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1.1 METCAN Overview

High temperature metal matrix composites offer great potential for use in advanced

aerospace structural applications. The realization of this goal however, requires concur-

rent developments in tl) a technology base for fabricating high temperature metal matrix"
composite structural components, (i) experimental techﬁiques for measuring thermal and
mechanical characteristics, and (3) computational methods to predict their behavior. In
the development of high temperature metal matrix composites, it proves beneficial to
initially simulate their behavior through computational methods. In addition to providing
an initial assessment of the metal matrix composite, this method helps to minimize the

costly and time consuming experimenial effort that would otherwise be required.

Recent research into Icomputational methods for simulating the nonlinear behavior of
high temperature metal matrix composites at NASA Lewis Research Center has led to
the development of the METCAN (Metal Matrix Composite Analyzer) computer code.
METCAN treats material nonlinearity at the constituent (fiber, matrix, and interphase)
level, where the behavior of each constituent is modelled using a time-temperature-stress
dependence. The Com.posite properties are synthesized from the constituent instanta-
neous properties by making use of composite micromcchanics’ and composite macromec-
hanics models. Factors which affect the behavior of the composite properties include the

fabrication process variables, the in-situ fiber and matrix properties, the bonding between



the fiber and matrix, and/or the properties of the interphase between the fiber and
matrix. The METCAN simulation is performed as a point-wise analysis and produces
composite properties which can be incorporated into a finite element code to perform a
' global structural analysis. After the global structural analysis is performed, METCAN ;
decomposes the composite properties back into the localized response at the variou;
levels of the simulation. At this point the constituent properties are updated aﬁd the

next iteration in the analysis is initiated. This cyclic procedure is referred to as the

integrated approach to metal matrix composite analysis and is depicted in figure 1.1-1.

Global
structural
analysis

Laminate / ‘
1 theory '

\ Ply !
Composite Compostte / ‘
\ micromechanics micromechanics
\ theory theory /

AN oA S /
AN &5 <
. & _ & y

Upward \ Constituents Materia! properties Top-down
~Integrated or \\ P(o,T.Y) - tracedg or
“synthesis"” *decomposition”
\_*-____—__———/

Figure 1.1-1=Integrated approach to metal-matrix composite analysis.
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‘Figure 1.1-2 shows the modular structure of METCAN. In the devclopmcnf of MET-
CAN, emphasis has been placed on maintaining a modular software structure and in
providing a user friendly interface. The code features (1) a dynamic storage allocation
scheme for efficient use of computer resources, (2) a resident databank of con.;.ti;ucnt
material pro'pertics, (3) user selected control of the printed output, (4) generation of
postprocessing files for convenient graphical representation, (5) an input file structure
which provides a straightforward user interface, and (6) separate modules containing the
failure criteria, the material model, the composite micromechanics analysis, and the

laminate analysis which are incorporated into METCAN.

Dynamic
storage
aliocation
. Material
Databank \- model
Composite
Input Executive micromechanics
Postprocessing Laminate
files analysis
Print Failure
output criteria

Figure 1.1-2—=Modular structure of METCAN,



1.2 Input Data Records

The METCAN input file structure provides a straightfor;\vard user interface. The input
file is organized into different records in'a specific order. [Each record in the input file
must be ordered as they are defined in figure 1.2-1, where each record can be composed
of one or several physical lines of data. Each liﬁe of data has a fixed format of ten
eight-column fields (except for the title and comment records). The usual convention is
that each record is identified by a character mnemonic in the first field of the data. The
character mnemonics and 6ther alphanumeric data are entered with character format
(A8), while integer data are entered in integer format (18). Real data can be entered in
either floating point (F8) or exponential (E8) formats. Alphanumeric, integer, and
exponential formats must be right justified, while the floating point format can be entered
anvwhere in the appropriate field. Figure 1.2-1 describes the individual records required-
in the input file. the mnemonic which identifies the record, the number of lines of data
wtizh comprise each record, and the order in which each record is read by METCAN.
Detailed information regarding each record can be found in the METCAN Uger’s
Manual (Reference 4), which should be read prior to the Demonstration Manual in order

to benefit most from the various demonstration problems.
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Broblem ille

No mnemonic - 1 line

Execution options
1.POST-1line’
2. LDDIST - 1 line

—

Bly description
PLY - 1 line for each ply

Composhe materal system
MATCRD - 1 line for each material
Cumulative load cycles
CYCLES -1 line
Qutput report options

1. PRINT or OPTION - 1 or more lines
2. PRINTOPT - 1 line

Elber-matrix interphase

INTRFACE - 1 hne
Analysis ioad history
TMLOAD

1. Generalized table form - 3 or more lines

or
2. Simplified table form - & or more lines

Figure 1.2-1.—Composition of the primary input data ﬁle.'



13 Micromechanical Unit Cell and Subregions

There are two alternative versions of the generic unit cell model used in METCAN, as -
shown in figure 1.3-1. A typical unit cell consists of a fiber and a matrix thh c;r without
an interphase. The unit cell is further subdivided into two or three subregions depending
on the presence of an interphase. If an interphase is present, subregion A consists
entirely of matrix material, subregion B consists of matrix and interphase, and subregion
C consists of fiber, matrix, and interphase. If there is no interphase, only two subregions
exist. Subregion A consists entirely of matrix material, while subregion C consists of fiber
and matrix, and subregion B does not exist. The user is éxpccted to be familiar with the
unit cell terminology described here in order to interpret the printed output.

A: Matrix — Matrix

B: Matnx and interphase 3,
C: Matrix, fiber, and interphase ’ r— Interphase

Regions of
constituent
material }
nonuniformity —<

o

\

~ 2
1
. (a) Unit cell with an interphase.

A: Matrix

C: Matnx and fiber — Matrix

Regions of
constituent
material ]
nonunitormity —
A

-~ 2
1
{b) Unit cell without an interphase.

Figure 1.3-1.—METCAN generic unit cells.
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2.0 Static Analysis

Four problems highlighting various features of METCAl;I for static analysis are present-
ed. Three of the problems involve a linear loading history, while the fourth préblem
utilizes a nonlinear loading history. All problems begin with a fabrication process
simulation to account for any residual effects. The first demonstration problem simulates
the longitudinal stress-strain behavior of a cross ply laminate subjected to a longitudinal
tensile load at room temperature. The second problem tracks the variation of longitudi-
nal fiber modulus in an angle plied laminate under a pressure load containing a tempera-
ture gradient through the thickness. The third demonstration problem shows the matrix
shear strengths at differeqt points in' the loading history for an angle plied laminate under
a combinatiqn of moment'and shear loads at an elevated temf)er;ture. The fourth
problem shows the development of transverse matrix stresses at different points in the
_loading history for an angle plied laminate subjected to a nonlinear transverse compres-

sive inad with increasing temperature.



2.1 Demonstration Problem 1

Description: Longitudinal Stress-Strain Behavior of a Cross-Ply Laminate Subjected to -

Longitudinal Tensile Load at Room Temperature
Problem Description:

This problem demonstrates the use of METCAN to model:
(1) A cross-ply laminate
(2) An interphase between the fiber and matrix
(3) Laminate stress}-s'train behavior
(4) A linear loading history
(5) A monotonic longitudinal tensile loading

(6) Residual effects arising from processing
Model Description:
A cross-ply [0/90] laminate composed of silicon carbide (SiC) fibers and a titanium (Ti-
15V-3Cr-3A1-35n) matrix is modelled. An interphase with a thickness of 5% of the fiber

diameter is used. The interphase moduli and strengths are taken as 25% of the respec-

tive matrix values. All other interphase properties are assumed to be equal to their

10



corresponding matrix values. Each ply has a fiber volume ratio (FVR) of 35%, a void

volume ratio (VVR) of 0%, and a thickness of 0.005 inches. The laminate configuration

is shown in table 2.1-1.

Table 2.1-1: Laminate Configuration l

Ply Number Angle Thickness FVR - VVR Fiber/ ‘

Matrix

1 0 0.005" 0.35 0.0 SiC/
Ti-15-3

2 90° 0.005" 0.35 0.0 SiC/
Ti-15-3

3 90 0.005" 0.35 0.0 SiC/
Ti-15-3

4 0- 0.005" 0.35 0.0 SiC/
Ti-15-3

Loading History:

The loading history for this problem is divided into two linear segments as shown in

figure Z.1-1. The first segment simulates the processing of the laminate as a cool down

11



Temperature (1)

Longitudinal Force Resultant (N_, 1b/in)
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3000
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Figure 2.1-1.—Demonstration problem 1: Loading history.
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* from the processing temperature (1600°F) to room temperature (70°F) in the absence of
mechanical loads. The second segment models the application of a 2700 Ib/in longitudi-
nal tensile load (N,) at room temperature. The first segment is divided into 45 load

steps and the second segment into 25 load steps for a total of 70 load steps in the

simulation.
Input Data File:

The input file for this demonstration problem is shown in figure 2.1-2. Comment
records, denoted by a ’$’ in the first column, are inserted throughout the file to briefly

describe each record.

Demonstration Problem Results:

The room temperature stress-strain behavior of the SiC/Ti-15-3 laminate subjected to a
longitudinal tensile load is shown in figure 2.1-3. The nonlinear stress-strain behavior

depicted in the figure demonstrates the ability of METCAN to capture the nonlinear

behavior of metal matrix composites.

13



HETCAN DENONSTRATION PROBLEM )
$ M'ggztaro:n#mg f1les requested.

$ ho loas n:u’t_ribuuon option.
L001S"
$ Ply desails: p\y no, materd no, orlggaum and thickness.
Py 1

ny 2 1 9. . 005
PLY 3 1 .9, «00%
pLY 4 1 0. <005
§ veresql getatls: mateg nc. fv-, vvr ang fider/matrix,
LT ¢ 1 .35 1(&.2‘5
$ humber of mechanical and thom\ cycles requested.
(41443 1 1
$ Outpu: reouests.
PHINT L
$ Print output at all load steps.
PEINIOFY (V34
3 Integrase een!ls.
Inesel: .08
$ Sw.wince ubh input.
TH DRC

$ Farst \oud!ng segment: processing.
$ Start time, end time 4 and numper of increments for processing
0. 200
$ Tecoerature ‘n each ply at the beginning anc end of processing,
1815, JECT.  160L.  160C.
7. . .
$ mezna='ca) loads at the bewmﬂn; anc end of the processing.
C. C C. C. c. C. 0. 0. 0.
C. 0. 0 0. 0. 0. c. 0. 0.
3 Secoend !oaﬂno segment: application of longitudina) 1oad.
$ Stamt time, end time ,ang number of increments for loading.
2000, 400€C. 28
$ 1e-c7g'nure 1n each ply at ;M beginaing and end of loading.
B . C.
€. 1. 7c. c.
$ Mecnprica) loads at the bepinning and end of losding.
C. C. ©. Q. -0, 0. 0. 0. 0.
270(. c. . 0. c. 0. 0. 0. 0. 0.
$ End cata.
Figure 2.1-2.—Demonstration problem 1: Input data file,
150 -
i .
1
120 -
3 s0-
z
. d
& 60 -
!
!
.30 !’
o A ] A
0.00 0.20 0.40 680 0.80 1.00

Strain (%)

Figure 2.1.3.—Demonstration problem 1: Longitudinal stress-strain
behavior of [0/80;¢ SIC/Ti-15 at 70 °F.
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2.2 Demonstration Problem 2

Description: Longitudinal Fiber Modulus Variation of a2 Unidirectional Laminate
Containing Temperature Gradients Through-the-Thickness and Subjected to a Pressure

Loading
Problem Description:

This problem demonstrates the use of METCAN to model:
(1) A linear loading history
(2) A monotonic pressure loading
(3) A perfect bond be;tween the fiber and matrix
(4) Residual effects arising from processing
(5) Temperature gradients within a laminate
(6) Track the development of fiber modulus

(7) A unidirectional laminate
! Model Description:

A four ply unidirectional [0], laminate composed of tungsten (W) fibers and a copper

(Cu) matrix is modelled. A perfect bond between the fiber and matrix is modelled.

15



Each ply has a fiber volume ratio (FVR) of 40%, a void volume ratio (VVR) of 0%, and

a thickness of 0.010 inches. The laminate configuration is shown in table 2.2-1.

| Table 2.2-1::minate Configuration .
Ply Number Angle Thickness FVR | VVWR Fiber/
Matrix ?J
1 0 0.010" 0.40 0.0 W/Cu :
2 0° 0.010" 0.40 0.0 W/Cu
3 0° 0.010" 0.40 0.0 W/Cu
4 0° 0.010'" 10.40 0.0 W/Cu

Loading History:

i
The loading history for this problem is divided into three linear segments as shown in
figure 2.2-1. The first segment simulates the processing of the Jaminate as a cool down
from the processing temperature (1400°F) to room temperature (70°F) in the absence of
mechanical loads. The second segment involves heating up the individual plies of the
laminate to different use temperatures (800°F for ply 1, 700°F for ply 2, 600°F for ply 3,
and 500°F for ply 4), again in the absence of mechanical loads. The third segment

models the application of a 1000 psi lower surface pressure (P)) psi on the laminate with

16



Tempecature (F)

Lownr Surface Pressure (P, prl)

— Ply1 e== PpPly2 —== Piys veeses Ply &

1200 ;

[ 14

e mm -

@ ierctcaarnitisiiesirane

LAY
400 - e
o t i N
0 1200 2400 3800 4800 8000
Time (sec)
1200 " l
!
9E0 - ‘ .
’ |
720 -
i
480 -
i
I
240 -
.
[ 1200 2400 3600 4800 6000
Time (sec)

Figure 2.2-1.—Demonstration problem 2: Loading history.
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the temperature of the individual plies held constant at their respective use temperatures.

The first segment is divided into 40 load steps, the second segment into 25 load steps.

and the third segment into 25, for a total of 90 load steps in the simulation.
Input Data File:

The input file for this demonstration problem is shown in figure 2.2-2. Comment
records, denoted by a '$’ in the first column, are inserted throughout the file to briefly

describe each record.
Demonstration Problem Results:

The variation in longitudinal fiber modulus (E;,,) for each ply of the laminate throughout
the loading history is shown in figure 2.2-3. The fiber modulus increases during process-
in. (0-2000 sec) due to the build up of residual stresses. As each ply of the the laminate
is heated up to different use temperatures (2000 - 4000 sec), some of the rcsi.dual stress
is relieved. However, since each ply is hcéted up to différent temperatures, the resulting
fiber modulus degradation for each ply differs. The application of the pressure loéd
(4000 - 6000 sec) has little effect on the fiber modulus, which remains almost constant

during this segment.

18



WETIAN DEMONSTRATION PROBLEV 2
$ N :n.om'css'n- f1les requestec.
1

LI 190. nnn:v!buuen optior.
roee .
$ Piy cezails: ply no, saterd no, orfentation and thickness ..
Py 1 1 . 0,010
Py 2 1 0. 0.010
P v 3 1 0. o0.m¢0
1 0. 0.010
$ mu'u eeuﬂs. materd no, for, vvracnd ﬂberlutrh.
MICRD

$ Wumter of nchan!u‘ and (hemn cycles requested.
. 4 H 1

t reguests.
[i22i13
n'm MICRT .
PRINT PROPIUE
§ Prirt outout for every tenth load step.
PPINTOE®  LATT
$ Irtesp-ase getasls,

INIEELCE 4 .0t
$ Sz ihrec tatte imput.
A 181 -3

$ first i6ading segment: processing.
$ Stat time, cnd uu‘. and nusber of tacresents for processing.
. ¢
3 Temceratuve 1n sazh ply lt the beginning and end of processing.
]lc‘ 1402,
HY

-~
b3

-

pid
o
& -
»

“cat 15225 at the bcginn!ng ané ent of processing,
<. [N [ 0. 0. 0. C. 0.
[ . [ o. C. 0. 0. 0. 0.
Secons 1caZing segment: hedteur to use temperatures. .
time, enc time .lnd number of increments for the hest up.

-

3 Tt'l:e'uu’e |r each n y #t the beginning and end of heat up.
s, eeC.  sec
) c2l loads at the beginning cnd end of heat up.
[ [N [ 0. . 0. 0.
c. 0. c. C 0. . 0. 0.

s ‘cading segment: spoifcation of onuure Yoad.
S 1me, enZ time Land numter of 1ncrements for loading.
& [ 19998
$ Terzemgiive n eac” N, 4% the beginning and end of Voading.
£l e, [ 1998
E 0. 14 80
3 RN icacy ot e be-‘nn*ng are end ¢f loading.
(. <. C. ¢ €. e, ¢
. . . (. <. C. (‘ C. 100y,
LI 4 24

Figure 2.2-2.—Demonstration problem 2: Input data file.
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0 1200 2400 3600 4300
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0.
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0.

Figure 2.2-3 —Demonstration problem 2: Variation in longitudina!

“fiver modulus of [0j, W/Cu.



23 Demonstration Problem 3

Description: Matrix Shear Strengths in an Angle-Plied Laminate with Ply Thickness’

Variations Under Combined Moment and Shear Loads at an Elevated Temperature
Problem Description:

This problem demonstrates the use of METCAN to model:
(1) An angle-plied laminate
(2) A carbon coating between the fiber and matrix
(3) Combined moment and shear loads
(4) A linear loading history
(5) Residual effects arising from processing
(6) Track the development of matrix shear strengths

(7) Variations in ply thickness
Model Description:
An angle-plied [0/30/90/-30/0] laminate composed of silicon carbide (SiC) fibers and a

titanium (Ti-6A1-4V) matrix is modelled. A carbon coating with a thickness of 1% of the

fiber diameter is modelled between the fiber and matrix. Each ply has a fiber volume

20



ratio (FVR) of 32%, a void volume ratio (VVR) of 0%, and variations in thickness. The

laminate configuration is shown in table 2.3-1.

‘ — — : : . .
Table 2.3-1: Laminate Configuration ‘I

Ply Number Angle Thickness FVR . VVR F.ibcr/
Niatrix

1 0 0.005" 0.32 0.0 SiC/Ti-6-4

2 30° 0.0075" 0.32 0.0 SiC/Ti-6-4

3 90° 0.010" | 032 0.0 SiC/Ti-6-4

4 -30° 0.0075" 032 00 SiC/Ti-6-4

5 0° 0.005" 0.32 0.0 SiC/Ti-6-4

Loading History:

The loading history for this problem is divided into three linear segments as shown in -
figure 2.3-1. The first segment simulates the processing of the laminate as a cool down
from the processing temperature (1600°F) to room temperature (70°F) in the absence of

mechanical Joads. THe second segment involves heating up the laminate to the use

21



Temperature (F)

In Plene Shasr Nasuliant(N_, thin)

o= Plies 14

2000

1200 ©

8c0 =

n "

] 1200

— Shesr resuRtant

2400 3600 4300 $000

Time (sec)

= e flomem resuftant

1000

800 -

400

200 -

] 120C

24c0 3800 [ 1] 8000

Time (sec)

000

400

200

Figure 2.3-1.~Demonstration problem 3; Loading history.
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temperature (500°F), again in the absence of mechanical loads. The third segment
models the application of a combination of a 400 fb-in/in moment (M, ) and a 600 Ib-in
shear (ny) on the laminate with the temperature held constant at the use temperature.
The first segment is divided into 40 load'steps, the second segment into 25 load steps,

and the third segment into 25, for a total of 90 load steps in the simulation.

Input Data File: ‘

The input file for this demonstration problem is shown in figure 2.3-2. Commeént
records, denoted by a ’$’ in the first column, are inserted throughout the file to briefly

describe each record.
Demonstration Problem Results:

The matrix shear strengths (Sg,a, Sya- @and S_»5) at three different points (before
processing. after processing. and after heat-up) in the loading history are shown in fi‘gurc
2.3-3. All three matrix shear strengths turn out to be equivalent. Before processing, the
shear strength is 62 ksi. The shear strength jncreases during processing as residual
stresses build up 1o a value of 88 ksi at the completion of processing. As some of the
residual stresses are relieved during the heat-up, the matrix shear strengths decrease

accordingly to 80 ksi.
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Strength (kel)

METCAN DEMONSTRATION PROBLER 3
$ N pg:tarocu:ing files requested.

$ Nc 10a2 redistribution optior,
ge f

L00:
$ Ply detadis: ply nc, matcrd no, orientation and thickness .
Fuy 1 1 0. 0.005 N

. o

LY 2 1 30, 0.007%
b 3 1 %0 o.010 ,
P H 3 -30. 0.007%

48] L) H 0. 0,008
$ Materia) detatls: materd mo, fvr, ver and fider/matrix.
WETCRD ] . .SICATISL
$ numner of mechanica) and thermal cycles reguested,
[ 149 34 1 S
§ Output requests.
PRIN® PROPCUS
$ Print output for every tenth load step.
PRINTLPY LAsY
§ interphase detalls.
INTEFRZE 1 .01
Simcli€1ed tablie fnput,
™ ChS o3
Firg: loacing segeent: processing.
Start time, end u-e‘b and aumber of facrements for processing.
. 0CC,
Tespersture tn esch ply 8% the beginning and end of processing.
1602, uog. 600, 1600, 3600,

- e

70. 1. 0. « 70,
§ mecrarica 1oa0s at the bepinning and end of processing.
0. . c. ©. [ [N <. 0. 0. 0.
<. 0. [N c. C. 0. 0. 0, 0. L.
§ Sezonz oading segment: heateur 10 use tewperatures,
$ $i2-t time, ens time ,An0 numper of tntrements for the heat up.
2030, A0CL. H
$ Tewcerature 1n each ply 4t the beginning and end of heat up.
. 0. 0. 0. 70.
$0¢. $0C. $0¢. $00. $0¢.
$ Wezrarical Toads at the beginning ang end of heat up. -
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Figure 2.3-2.~—Demonstration problem 3: input data file.
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Figure 2.3-3.—~Demonstration problem 2: Matrix shear strengths of

[0/30/30/-30/0) S1IC/Ts-B.
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2.4 Demonstration Problem 4

Description: Transverse Matrix Stresses in an Angle-Plié‘d Laminate Subjected to a

Nonlinear Transverse Compressive Loading with Increasing Temperature

Problem Description:

This problem demonstrates the use of METCAN to model:
(1) An angle-plied laminate
(2) A compliant Jayer between the fiber and matrix
(3) A monotonic transverse corﬁpressive loading
(4) A nonlinear loaai.ng history
(5) Residual effects arising from processing

(6) Track the development of constituent stresses
Model Description:

An angle-plied [0/45/-45/0] laminate composed of high modulus graphite (P100) ﬁbcrs;
and a copper (Cu) matrix is modelled. A gadolinium (Gd) compliant layer with a
thickness of 2% of the fiber diameter is specified. Each ply has a fiber volume ratio

(FVR) of 50%, a void volume ratio (VVR) of 0%, and a thickness of 0.020 inches. The



Temperature (F)

Temnaveroe | orce Resuttant(N (hin)

320 -

160 -

300 600 900 1200 1500

L-1

Time (sec)

<100 -~

«20¢ -

«300 -

-400 -

500 .

[ 300 600 000 1200 1500

Time (se¢)

Figure 2.4-1.—Demonstration problem 4: Loading history.
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laminate configuration is shown in table 2.4-1.

[ Table 2.4-1: Laminate Configuration
Ply Number Angle Thickness FVR VVR Fiber/ “
Matrix
1 0° 0.020" 0.50 0.0 P100/Cu
2 . 45° 0.020" 0.50 0.0 P100/Cu
3 -45° 0.020" 0.50 0.0 P100/Cu
4 0 0.020" 0.50 0.0 P100/Cu

Loading History:

The loading history for this problem differs from the previous cases in that the loading
history cannot be approximated into a few linear segments. Instead, the loading history
must be discreﬁzed sufficiently to capture the nonlinear behavior, with each discret.izcc'i
point provided in the input data file. The loading history is divided into two segments as
shown in figure 2.4-1. The first segment simulates the processing of the laminate as a
cool down from the processing temperature (700*F) to rooﬁ temperature (70°F) in the

absence of mechanical loads and is composed of 20 discrete points. The second segment
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‘involves a combination of heating up the laminate to 275°F and the appiication of a 450
Ib/in transverse compressive load (Ny) and contains 17 discrete points, for a total of 37

discrete points in the simulation. .
Input Data File:

The input file for this demonstration problem is shown in figure 2.4-2. Comment
records, denoted by a ’$’ in the first column, are inserted throughout the file to briefly

describe each record.
Demonstration Problem Results:

The variations in the transverse matrix stresses (024, O p22p. and Opaoc) throughout the
Joading history are shown in figure 2.4-3. The stresses increase during processing (0-750
sec) as residual stresses build up. The different stress levels occur in the three transverse
matrix stresses due to the presence of the other constituents in regions‘ZZB and 22C of
the unit cell. The application of the compressive transverse load (750-1500 sec) results in

a corresponding decrease in transverse matrix stress as the load increases.
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. Figure 2.4-2 —Demonstration problem 4: input data file.
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Figure 2.4-2.—Concluded.
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3.0 Cyclic Analysis

Four problems demonstrating different features of ME’I:CAN for cyclic analysis are
presented. All problems in this section make use of the same cross ply lamina't'c. used in
Demonstration Problem 1 and examine the effects of various cyclic loads on the stress- |
strain behavior of the laminate. Each problem begins with the fabfiqation process to
account for any residual effects, followed by the cyclic loads, and ends with the ap.plica-
tion of a lc‘mg.itudinal tensile load at room temperature. The cyclic loads examined
include thermal cvcling. tension-tension mechanical cycling, tension-compression mechani-
cal cycling. and combined thermal and mechanical cycling. METCAN simulates the
various types of cvcling by accounxing for the cumulative damage in the laminate due to
cycling. Tvpically. the reqixired input copsists of the number of thermal and/or mcc;hani-
ca) cycles desired and the loading history for a single cycle. Since cvcling is modelled

through cumulative damage. output for cvcling is produced for only the last cycle.
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3.1 Demonstration Problem §

Description: Longitudinal Stress-Strain Behavior of a Cross-Ply Laminate Subjected to -

" Thermal Cycling
Problem Description:

This problem demonstrates the use of METCAN to mc;del:
(1) A cross-ply laminate
(2) An interphase between the fiber and matrix
(3) Laminate stress-strain behavior
(4) A linear ]dading history
(5) Residual effects arising from processing

(6) Thermal cycling

- Model Description:

A cross-ply [0/90]; laminate composed of silicon carbide (SiC) fibers and a titanium (Ti-
15V-3Cr-3Al-3Sn) matrix is modelled. An interphase with a thickness of 5% of the fiber

diameter is used. The interphase moduli and strengths are taken as 25% of the respec-

tive matrix values. All-other interphase properties are assumed equal to their corre-
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sponding matrix values. Each ply has a fiber volume ratio (FVR) of 35%, a void volume

ratio (VVR) of 0%, and a thickness of 0.005 inches. The Jaminate configuration is shown

in table 3.1-1.
B Table 3.1-1: Laminate Configuration
Ply Number Angle Thickness FVR | VVR Fiber/
Matrix
1 : 0 0.005" 0.35 0.0 SiC/Ti-15-3
2 90° 0.005" 0.35 0.0 SiC/Ti-15-3
3 90° 0.005" 0.35 00 | SiC/Ti-15-3
4 0 0.00S';' 0.35 0.0 SiC/Ti-15-3

Loading History:

The loading history for this problem is divided into four linear loading segments as shown
in figure 3.1-1. The first segment simulates the processing of the laminate as a cool down
from the processing temperature (1600*F) to room temperature (70°F). The second
and third segments model the thermal cycling of the laminate. A total of 400 thermal

cycles is simulated. with the second segment defining one half of a single thermal cycle
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Fipure 3.1-1.—Demonstration problem §: Loading history.
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(from 70° to 400°F), while the third segment defines the remaining portion of the cycle
(from 400° to 70°F). The fourth segmént involves application of a 2700 Ib/in longitudi-
nal tensile load (N,) at room temperature. The first segment is composed of 45 load

steps while the second, third, and fourth ‘segments each contain 25 load steps féi a total

of 120 load steps in the simulation.
Input Data File:

~ The input file for this demonstration problem is shown in figure 3.1-2. Comment
records, denoted by a ’$’ in the first column, are inserted throughout the file to briefly

describe each record.
Demonstration Problem Results:

The stress-strain behavior of the SiC/Ti-15-3 laminate after undergding thermal cycling is
shown in figure 3.1-3. Also included in the figure is the stress-strain behavior of the
uncycled laminate for comparison. For this case, the thermal cycling results in the
degradation of the Jaminate stress-strain behavior, causing a 40% reduction in ultimate

tensile strength (from 135 to 81 ksi).
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Figure 3.1-2.—Demonstration problem 5: Input data file.
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3.2 Demonstration Problem 6

Description: Longitudinal Stress-Strain Behavior of a Cross-Ply Laminate Subjected to

Tension-Tension Mechanical Cycling
Problem Description:

This problem demonstrates the use of METCAN to model:
(1) A cross-ply laminate
(2) An interphase between the fiber and matrix
(3) Laminate stress-strain beha\"ior
(4) A linear loading history
(5) Residual effects arising from ﬁrocessing

(6) Tension-tension mechanical cycling
Model Description:
A cross-ply [0/90]¢ laminate composed of silicon carbide (SiC) fibers and a titanium (T i-
15V-3Cr-3Al-35n) matrix is modelled. An interphase with a thickness of 5% of the fiber

diameter is used. The interphase moduli and strengths are taken as 25% of the respec-

tive matrix values. All other interphase properties are assumed equal to their corre-
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sponding matrix values. Each ply has a fiber volume ratio (FVR) of 35%, a void volume

ratio (VVR) of 0%, and a thickness of 0.005 inches. The laminate configuration is shown

in table 3.2-1.
I Table ;2-1; Laminate Configuration
Ply Number Angle Thickness FVR VVR | F:ibcr/
Matrix
1 0° 0.005" 0.35 00 | SiC/Ti-15-3
2 90-° 0.005" 0.35 00 | SiC/Ti-15-3
3 90° 0.005" 0.35 0.0 SiC/Ti-15-3
4 0° 0.005" 0.35 0.0 SiC/Ti-15-3

Loading History:

The loading history for this problem is divided into four linear loading segments as shown
in figure 3.2-1. The first segment simulates the processing of the laminate as a cool down
from the processing temperature (1600°F) to room temperature (70°F). The second
and third segments model the mechanical cycling of the laminate. A total of 20000

mechanical cycles is simulated, with the second segment defines one half of a single
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Figure 3.2-1.—Demonstration problem 6: Loading history.
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mechanical cycle (from 0 to 500 Ib/in), while the third segment defines the remaining |
portion of the cycle (from 500 to 0 Ib/in). The fourth segment involves application of a
27v00‘lb/in longitudinal tensile load (N,) at room icmpcraturc. The first segfncnt is

composed of 45 load steps while the second, third, and fourth segments each contain 25

“load steps for a total of 120 load steps in the simulation.
Input Data File:

The input file for this demonstration problem is shown in figure 3.2-2. Comment
records, denoted by a '$’ in the first column, are inserted throughout the file to briefly

describe each record.

Demonstration Problem Results:

The stress-strain behavior of the SiC/T i-15-3 laminate after undergoing tension-tension
mechanical cycling is shown in figure 3.2-3. Also included in the figure is the stress-strain
behavior of the uncycled laminate for comparison. For this case, the mechaﬁical cycling
results in the degradation of the laminate stress-strain behavior, causing a 12% reduction

in ultimate tensile strength (from 135 to 119 ksi).
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33 Demonstration Problem 7

Description: Longitudinal Stress-Strain Behavior of a Cross-Ply Laminate Subjected to

Tension-Compression Mechanical Cycling
Problem Description:

This problem demonstrates the use of METCAN to model:
(1) A cross-ply laminate
(2) A interphase between the fiber and matrix
(3) Laminate stress-strain behavior
(4) A linear loading history
(5) Residual effects arising from processing

(6) Tension-compression mechanical cycling
Model Description:
A cross-ply [0/90]; laminate composed of silicon carbide (SiC) fibers and a titanium (Ti-
15V-3Cr-3A1-35n) matrix is modelled. An interphase with a thickness of 5% of the fiber

diameter is used. The interphase moduli and strengths are taken as 25% of the respec-

tive matrix values. All other interphase properties are assumed equal to their corre-
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sponding matrix values. Each ply has a fiber volume ratio (FVR) of 35%, a void volume

ratio (VVR) of 0%, and a thickness of 0.005 inches. The laminate configuration is shown

in table 3.3-1.
Table 3.3-1: Laminate Conﬁgu;ation
Ply Number [  Angle Thickness FVR - VVR Fiber/
Matrﬁc '
1 0 0.005" 0.35 0.0 SiC/Ti-15-3
2 90° 0.005" T 035 0.0 SiC/Ti-15-3
3 90 0.005" 0.35 0.0 SiC/Ti-15-3
4 0 0.00s" | 035 0.0 SinTi-15;3

Loading History:

The loading history for this problem is divided into five linear loading segments as shown
in figure 3.3-1. The first segment simulates the processing of the laminate as a cool down
from the processing temperature (1600°F) to room tcmpera-ture (70°*F). In the second
segment a compressive. longitudinal load is applied. The third and fourth segments

model the mechanical cycling of the laminate. A total of 15000 mechanical cycles is
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Figure 3.3-1.—Demonstration problem 7: Loading history.

44

5000



simulated, with the third segment defining one half of a single mechanical cycle (from
-500 to 500 Ib/in), while the fourth segment defines the remaining portion of the cycle
(from 500 to -500 Ib/in). The fifth segment involves the application of a 2700 1b/in
.longitudinal tensile load (N,) at room témperature. The first segment is comiaoscd of 45
load steps while the second through fifth segments each contain 25 Joad steps for a total '

of 145 load steps in the simulation.
Input Data File:

The input file for this demonstration problem is shown in figure 3.3-2. Comment
records, denoted by a '$’ in the first column, are inserted throughout the file to briefly

describe each record.
Demonstration Problem Results:

The stress-strain behavior of the SiC/Ti-15-3 laminate after undergoing tension-compres-
sion mechanical cycling is shown in figure 3.3-3. Also included in the figure is the stress-
strain behavior of the uncycled laminate for comparison. For this case, the mcchani.cal
cycling results in the degradation of the laminate stress-strain behavior, causing a 10%

reduction in ultimate tensile strength (from 135 to 122 ksi).
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Figure 8.3-2.—Demonstration problem 7: input data file.
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Figure 3.3.3—Demonstration problem 7: Etfect of mechanical
cychng on stress-strain behavior of [0/90;, SiC/Ti-15.
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3.4 Demonstration Problem 8

Description: Longitudinal Stress-Strain Behavior of a Cross-Ply Laminate Subjected to

Thermo-Mechanical Cycling
Problem Description:

This problem ‘demonstrates the use of METCAN to model:
(1) A cross-ply laminate
(2) An interphase between the fiber and matrix
(3) Laminate stress-strain behavior
(4) A linear loading history
(5) Residual effects arising from processing

(6) Thermo-mechanical cycling
Model Description:
A cross-ply [0/90] Jaminate composed of silicon carbide (SiC) fibers and a titanium (Ti-
15V-3Cr-3Al1-3Sn) matrix is modelled. An interphase with a thickness of 5% of the fiber

diameter is used. The interphase moduli and strengths are taken as 25% of the respec-

tive matrix values. All other interphase properties are assumed equal to their corre-
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sponding matrix values. Each ply has a fiber volume ratio (FVR) of 35%, a void volume

ratio (VVR) of 0%, and a thickness of 0.005 inches. The laminate configuration is shown

in table 3.4-1.

T

Table 3.4-1: Léfninate Configuration
Ply Number Angle Thickness FVR VVR Fiber/
Matrix
1 0° 0.005" 035 0.0 SIC/Ti15-3
2 90° 0.005" 0.35 0.0 SiC/Ti-15-3
3 ‘90 ° 0.005" 0.35 0.0 SiC/Ti-15-3
4 0° 0.005" 0.35 0.0. SiC/Ti-15-3
Loading History:

The loading history for this problem is divided into four linear loading segments as shown
in figure 3.4-1. The ﬁrs; segment simulates the processing of the laminate as a cool down
from the processing temperature (1600°F) to room temperature (70°F). A total of 200
thermal cycles and 20000 mechanical cycles are simulated with the‘ second and third

segments modelling the thermo-mechanical cycling of the laminate. The second segment
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Figure 3.4-1.—Demonstration problem 8: Loading history.
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defines one half of a single thermo-mechanical cycle (from 70° to 400°F and 0 to 500
Ib/in), while the third segment defines the remaining portion of the cycle (from 400* to
70°F and 500 to 0 Ib/in). The fourth segment involves the application of a 2700 Ib/in:
longitudinal tensile load (N, ) at room temperature. The first scgment is coﬁap;»séd of 45
Joad steps while the second, third, and fourth segments caéh contain 25 load steps for\'a

total of 120 load steps in the simulation.
Input Data File:

The input file for this demonstration problem is shown in figure 3.4-2. Comment
records, denoted by a '¥’ in the first columﬁ, are inserted throughout the file to briefly .

describe each record.
Demonstration Problem Results:

The stress-strain behavior of the SiC/Ti-15-3 laminate after undergoing combined thermal
and mechanical cycling is' shown in figure 3.4;3. Also included in the figure is the stress-
strain behavior of the uncycled laminate for comparison. For this case, the mechanicél
cycling results in the degradation of the laminate stress-strain behavior, causing a 44%

reduction in ultimate tensile strength (from 135 to 76 ksi).

50



METCAN DEMONSTRATION PROBLEW B
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Figure 3.4-2.—Demonstration problem 8: Input data file.
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" Frgure 3.4-3 —Demonstration problem 8: Effect of thermo-
‘mechanical cychng on stress-strain behawvior of [0/80;¢ SiC/Ti-15.

51



4.0 Complete Output File

A typical METCAN output file containing all output request options is presented for the
' first demonstration problem. For clarity of description, the output file is divided into
fifteen different sections (one for the default output along thh one for each output
request option). A brief dcscriptfon is provided in each section befofe the actual output.
These descriptions are not part of the actual output file, but are included to guide the
reader. The ordering of the sections corresponds to the order in which the various
output request options are éctual]y generated. A list of notation and units is also

included at the end to help interpret the output.

A tota] of fourteen different output request options are available. The output file can be
tailored by the user (as defined in the PRINT data record in the input file) by choosing
various combinationé of the fourteen available output réquésts options. These fourteen
request options are listed in table 4.0-1. The following sections demonstrate all the

different output request options, allowing the user to effectively tailor the output file.
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Table 4.0-1: Output Requests “

Option Type of Output
PRINT CONSTI " Laminate consititutive relationships
" PRINT DISPFOR Displacement-force relationships -
PRINT FEMDATA ‘ Information for finite element analysis
PRINT FLINDEX Report of failure index
PRINT LDSTEP Information about the load step
PRINT MICRO Stresses and strains in the constituents
PRINT PLYRESP Ply properties and response variables
PRINT PLYSTRS Stresses and strains in the plies
PRINT PROPCOM 2-D and 3-D laminate properties
PRINT PROPCUR Current constituent properties
PRINT PROPREF Reference constituent properties
PRINT REDSTIF Laminate reduced membrane and bend-
ing stiffnesscs
PRINT STRCON Stress concentration factors around a
circular hole in an infinite plate
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PRINT STRSTRN
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4.1 Default Output

The following output is produced regardiess of the PRINT records chosen in the input

file. This default output contains:

(1) The METCAN logo

(2) The structural and material axes

(3) A list of the properties used in METCAN
(4) An ech.o of the constituent databank

(5) An echo of the input file

(6) A summary of the input data

Each of the default outputs are described and shown in this section.



Description: METCAN Logo

This part of the default output contains a logo of METCAN, along with version and -

author information.
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Description: METCAN Coordinate Axes

This part of the default output depicts the two different coordinate systems used in

] METCAN: (1) a structural or laminate axes and (2) a material or ply axes.
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Description: List of Properties

This part of the default output lists various properties used in METCAN along with their

- corresponding symbols and units.
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~ Description: Constituent Databank Echo
This part of the default output reproduces, in tabular form, the constituent material -

properties found in the constituent databank. The table begins with fiber properties,

followed by matrix properties, and ends with interphase properties.
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Description: Input File Echo

This part of the default output echoes the input file.
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Description: Input Data Summary

" This part of the default output provides a suminary of pertinent data from the input file.

The summary contains:

(1) The amount of words required in the analysis

(2) A case control deck summary

(3) Details about the laminate configuration

(4) A list of the material systems

(5) Information about thermal and mechanical cycling

(6) A summary of the output options chosen
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4.2 Reference Constituent Properties (PROPREF) Output

Description:

" This part of the output file echos the material properties and the exponents for the
constituents selected for the analysis from the constituent databank. This is the same
output found in the constituent databank echo from the default output section (sect. 4.1)

in a different format for the user’s convenience.
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4.3 Load Step Details (LDSTEP) Output

Description:
This part of the output file contains information for each load step of the anal.)-wéis. The
load step information includes:

(1) The load step number

(2) The total and incremental time corresponding to the current load step

(3) The current exponents for the mechanical cycling, thermal cycling, and time

terms of the multifactor interaction relationship
(4) The incremental mechanical loads for the current load step

(5) The total and incremental thermal loads for the current load step
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4.4 Constituent Failure Index (FLINDEX) Output

Description:
This part of the output file provides failure information at both the ply and constituent
levels for each load step. Failure is indicated by a “1", while "0" represents no failure.

This failure index pinpoints failure for each ply in the Jaminate to the different subre-

gions defined in the micromechanical unit cell.

As well as providing a failure index for each load step, a failure modes history is also
provided at the end of the output file. The failure modes history combines the failure
index from each load step into one location for convenience. For the failure modes

history. failure is indicated by "v" and no failure by "n".
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4.5 Finite Element Analysis Data (FEMDATA) Output

Description:
This part of the output file is produced. for each load step and contains information

which can be incorporated into a material property card for a finite element analysis.

The data includes:

(1) The composite thickness
(2) EQUiValent p]_V moduli (Ell, Elz, Els, E22, 523, and E33)
(3) Equivalent composite bending properties:

Poisson’s ratios (v

and Vyx) and moduli (E and ny)

Xy xx’ EY}'

(4) Equivalent membrane elastic coefficients for MSC/NASTRAN (G, G5,

(5) Equivalent bending elastic coefficients for MSC/NASTRAN (G110 G12 Gy3
Gaa. 623. and 633)

(6) Equivalent membrane/bending coupling data for use with MSC/NASTRAN
(G11:G 12 G13- G2y Gp3 and Gg,)

(7) Equivalent properties for a MSC/NASTRAN MAT? card for solid elements
and 3-D anisotropic properties for MARC

(8) MAT? property card for MSC/NASTRAN in single and double field formats

(9) MAT2 property card for MSC/NASTRAN
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Values for items (1) through (5) are provided for each iteration that occurs in the Joad

step.
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4.6 Ply Stresses and Strains (PLYSTRS) Output

Description:

This part of the output file is produced for each load step and contains stresses and

strains in each ply of the laminate for the current load step.
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4.7 Laminate Stress-Strain Relationship (STRSTRN) Output

Description: |
This part of the output file is produced for each load step and contains:

(1) 3-D composite strain-stress relationships with thermal effects around a plane

of symmetry at z=0:

€ SusuSiy 0 0 8 lfo
€ $125220523 0 0 Sy [\ o,
€3 - S13823533 0 0 Sy /o + QAT
REY) 0 0 0 SucSes 0 |1y
731 0 00 5_45 Sss 0 {f 79
Tzl [ S16S26 83 0 0 Sg |\ 1y,

(2) 3-D composite stress-strain relationships around a plane of symmetry at z=0:

/01 - Ci] [ &
0: C12C2 €23 0 0 Cyf | ey
.03 - Ci3C3Cy3 0 0 Cyf Je,
Taa 0 0 0CuCy O Y23
T3 0 0 0CusCss 0ffn,

T2/ |Ci6CuCy O 0 Cesf\71
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4.8 Force-Displacement Relations (CONSTI) Output

Description:

This part of the output file is produced for each load step and contains the forc':'c

displacement relations with thermal effects:.

\’Nx Ay Az Age s’fg Bi1 Bz By | Ky Ny
4/N $ = A A Ascfo€y 0+ (B Ba Bag|<k, p = JNT
Ny Are Aze Age (72y‘ Bie Bye Bee Kxy. N:y
\"/x 2 81 By: B Sfx D1y Dy; Dyo| (k4 174
?f.e,, \, Biz B:: Bac|<€y b+ [Dy: Day Dyl {x, »— /V[Z
My Bie B:¢ Bee (72)/ Dio Dig Dee| { Kyy \MZ,r,\
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4.9 Reduced Stiffness Matrix (REDSTIF) Output

Description:

This part of the output file is produced for each load step and contains the rcduced

stiffness and bending matrices:

(% | [Bu & 8 \'ez (D4 D1y 07 (s,
? My \ = |8 “8a: 826 ? Ef« +10p D., 0 Ky
ﬁ/“ B¢ B Bee_] ")gy, 0 o0 Du_j hxy
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4.10 Displacement Force Relations (DISPFOR) Output
Description:

This part of the output file is produced for each load step and contains the disﬁlaccmcnt

force relations:
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4.11 2-D and 3.D Laminate Properties (PROPCOM) Output

Description:
This part of the output file is produced for each load step and contains the 2-D and 3-D

composite properties.

4
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4.12 Current Constituent Properties (PROPCUR) Output

Description:
This part of the output file is produced for each load step and contains the current

constituent and ply properties for each ply of the laminate at the current load step.
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4.13 Constituent Stresses and Strains (MICRO) Output

Description:
“This part of the output file is produced for each load step and contains the current

stresses and strains in the individual constituents and plies for each ply of the laminate

for the current load step.
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4.14 Ply Thermomechanical Properties and Response (PLYRESP) Output

Description:
This part of the output file is produced for each load step and contains the current load

conditions and the corresponding thermomechanical properties and response for each

ply.
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4.15 Stress Concentration Factors (STRCON) Output

Description:
This part of the output file is produced for each load step and contains the stress
concentration factors at various positions around a circular hole in an infinite plate

,and o_..~

arising from stresses, o__. ©
X yy xy
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4.16 Notation and Units

The notation used in the output file along with their corresponding units are presented. .

below.

[ Symbol Units Description
Al, ALFA, or CTE ppm/*F coefficient of thermal
expansion
o psi stress-strain relations
CP or HH Btu/lb heat capacity
CSN or NU in/in Poisson’s ratio
D mils | fiber diameter
TT DOTH psi/sec stress rate
E psi modulus
EPS Yo strain
G psi shear modulus
HK or K Btu/hr/in/*F thermal conductivity
KF - fiber volume ratio
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KFB -- apparent fiber volume
ratio

KM - matrix volume ratio J
KMB - apparent matrix volume

| ratio :
KV or KVOID - void volume ratio {
RHO Ib/in® weight density
S psi strength
SC in*/psi strain-stress relations
SIG psi stress
T in thickness
TEMP *F temperature
TEMPM ‘F melting temperature
THCS * (degrees) angle from structural axes

to composite material axes
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THLC

* (degrees)

angle from ply material
axes to composite material

axes

* (degrees)

axes to composite structur-

angle from ply material

al axes

ZB

in

distance from bottom of
composite to reference

plane

ZCG

in

distance from reference

plane to ply centroid
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[
Extensions Description I

A B, C subregions of the unit cell I

FFM,DLC L fiber, matrix, interface, ply or ébinposite

related quantities

T, C, S, TOR : tensile, compressive, shear or torsion - ﬁ

related quantities

0 reference temperature related quantity
11 _direction along the fiber

22, 33 directions transverse to the fiber
12,13, 23 shear directions

—_—_——
———
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5.0 Constituent Databank for Demonstration Problems

\
The constituent databank contains the room temperatur;: material properties of the
éonstituents (fiber, matrix, and interface). The databank used for the demonstration
problems is presented in this section. An 'echo of this databank is also generated by

default in the output file (Sect 4.1) in a more convenient format.
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